We have identified a novel member of the Ndr subfamily of serine/threonine protein kinases, Ndr2, as a gene product that is induced in the mouse amygdala during fear memory consolidation and examined a possible function of this kinase in neural differentiation. Expression of Ndr2 mRNA was detected in various cortical and subcortical brain regions, as well as non-neuronal tissues. Its expression in the amygdala was increased 6 h after Pavlovian fear conditioning training and returned to control levels within 24 h. To study intracellular localization and functions of Ndr2, EGFP::Ndr2 fusion proteins were expressed in rat pheochromocytoma (PC12) cells and acutely isolated cortical neurons, thereby revealing an association of Ndr2 with the actin cytoskeleton in somata, neurites and filopodia, in spines and at sites of cell contact. Co-precipitation and pulldown experiments support this finding. Evidence for an involvement of Ndr2 in actin-mediated cellular functions further comes from the observation of decreased cell spreading and changes in neurite outgrowth that were associated with protein serine phosphorylation in transfected PC12 cells. Together, our data suggest that Ndr2 is an interesting candidate gene for the regulation of structural processes in differentiating and mature neuronal cells.
Stimulus-dependent modifications of cell structure and connectivity in the central nervous system are basic elements of long term memory formation. Protein kinases and protein phosphatases are key regulators of these processes, which they control and co-ordinate through the phosphorylation and/or dephosphorylation of neurotransmitter receptors and ion channels, cytoskeleton elements, cell surface molecules, and transcription factors (1) .
We have employed a classic fear conditioning paradigm to isolate candidate genes involved in memory-related functions in the brain (2) . Fear conditioning is highly amenable to cellular and molecular approaches to learning and memory, because conditioned subjects (a) very quickly learn to associate a previously neutral sensory stimulus (conditional stimulus) and an aversive, unconditional stimulus during fear conditioning training and (b) develop a robust and easily measurable long term memory after a single training session. Moreover, the neuronal circuits and cellular mechanisms that underlie classic fear conditioning have been investigated in detail (reviewed in Ref. 3 ). These conceptual and technical advantages have allowed researchers to show that, among other factors, protein kinase A, mitogen-activated protein kinase and calcium/calmodulin-dependent kinases are critical for fear conditioning (summarized in Ref. 4) . Some of these protein kinase activities could even be tracked down to the amygdala (5-7). Recent evidence further suggests an involvement of Rho-mediated signaling pathways and the Rho-associated kinase (p160 ROCK ) in amygdala plasticity after fear conditioning (8) . This pathway may be of particular importance, because it controls actinmediated changes in dendrite and spine morphology, which are key elements of structural plasticity and memory consolidation (9, 10) .
Screening of a subtracted library from the amygdala of fearconditioned animals has now led us to the identification of a novel serine/threonine kinase, Ndr2 (also known as serine/ threonine kinase 38-like protein, STK38l). The novel kinase belongs to the nuclear Dbf2-related (Ndr) 1 subfamily of serine/ threonine kinases that control cell division and morphogenesis in various cell types, including neurons, and is distantly related to p160
ROCK . Ndr2 has in parallel been identified through homology cloning (11) , and activation through S100B and Mob (Mps one binder) proteins with subsequent autophosphorylation has been described in two recent reports (12, 13) . In the current study we have begun to investigate possible neuronal functions of this kinase. To this end, we studied the expression of Ndr2 in the brain and its induction in various brain areas during consolidation of Pavlovian fear memory. We furthermore provide evidence for interaction of Ndr2 with the actin cytoskeleton and its involvement in neuronal growth and differentiation in cultured PC12 cells.
EXPERIMENTAL PROCEDURES
A fragment of the 3Ј-untranslated region of the Ndr2 mRNA (clone #VIIE6) was identified through suppression subtractive hybridization of cDNA from the amygdala of fear-conditioned and control mice (Fig.  1A ) und subsequent screening with cDNA blots (Fig. 1B) . Experiments employed for the identification and expression analysis of clone #VIIE6 have been described previously (2) . All animal experiments were performed in accordance with regulations through Japanese and German law and were approved by the Committee for Animal Research, Okazaki National Institutes (permission NRS A11-82-3 and A11-82-65) and the Regierungsprä sidium Dessau (2-375 UNI MD).
Cloning and Sequencing of Full-length Ndr2-Clone #VIIE6 was sequenced using the Thermo Sequenase cycle sequencing system (Amersham Biosciences) according to the manufacturer's protocols. In brief, 1 g of cDNA was amplified in the presence of fluorescence-labeled M13 forward or reverse primer oligonucleotide (Stratagene) and ddG, ddA, ddT, or ddC to terminate polymerization. Thirty cycles of 95°C for 30 s, 50°C for 30 s, and 70°C for 60 s were applied. Products were loaded onto a polyacrylamide gel containing 7 M urea, separated at 2000 V, and detected in a DNA sequencer (Model 4000L, LI-COR Inc., Lincoln, NE). Based on the sequence information from clone #VIIE6, rapid amplification of cDNA ends (RACE) was done using the SMART RACE system (BD Bioscience). To this end, total RNA was isolated from mouse brain using RNeasy spin columns (Qiagen) and reverse-transcribed with Superscript II (Promega) in the presence of a modified oligo(dT) cDNA synthesis primer (for 3Ј-RACE) or oligo(dT) primer and SMART II oligonucleotide (for 5Ј-RACE). The 3Ј-end was amplified with a genespecific primer oligonucleotide (5Ј-TCTGGAGATGTATGAAACCT-GGGCTGTC-3Ј) and a universal primer mix (SMART RACE) in a touch down amplification procedure with 5 cycles of annealing for 10 s at 72°C, 5 cycles at 70°C, and 25 cycles of annealing at 68°C, each preceded by denaturation for 5 s at 94°C and followed by DNA polymerization for 3 min at 72°C. For 5Ј-RACE, a gene-specific primer (5Ј-ATTCAAAGAGAGGATGTGCCAGGA-3Ј) was first used together with the universal primer mix for touch down amplification with 40 cycles in the final step. The product was diluted 1:50 and re-amplified with a nested gene-specific primer (5Ј-GGACAGCCCAGGTATCATACATCT-3Ј) and the nested universal primer (SMART RACE), using 29 cycles of 5 s at 94°C, 10 s at 68°C, and 3 min at 72°C. RACE fragments were cloned into pGEM-Teasy and sequenced as described above. Sequences of three independent clones for each 3Ј-RACE and 5Ј-RACE were analyzed using Lasergene99 software (DNASTAR, Madison, WI) and NCBI and PROSITE databanks.
Chromosomal Localization-Two primers were derived from the 3Ј-untranslated region (5Ј-CACAGCTAAGTCTGGAGATGTA-3Ј, representing bp 3781-3802, and 5Ј-ATGATCATAGCAAAACAGTTGC-3Ј, representing bp 4193-4172) and used for radiation hybrid mapping with a mouse/hamster radiation hybrid panel (Invitrogen). Thirty cycles of denaturation (15 s at 94°C), primer annealing (30 s at 60°C), and synthesis (30 s at 72°C) were applied, as described previously (14) .
Northern Analysis-5 g of total RNA was separated according to size with denaturing gel electrophoresis (in 20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA, pH 7.0, containing 0.5 M formaldehyde), transferred to nylon membranes (Hybond-N, Amersham Biosciences), and fixed under UV light. Ndr2 mRNA was visualized with Digoxigeninlabeled cRNA probes, generated through in vitro transcription from a vector containing either clone #VIIE6, the entire 5Ј-RACE product, or the coding region of the Ndr2 cDNA (Fig. 1A) , all of which produced consistent results, and subsequent chemiluminescence detection as described above.
Real-time PCR-Five 10-week-old male C57B/6J mice (M&B Taconic, Berlin, Germany) after extensive adaptation to the training apparatus (TSE Bad Homburg, Germany) were fear-conditioned with three conditional stimuli (10-kHz tone, 85 db for 10 s) that each co-terminated with an unconditional stimulus (0.6-mA foot shock, 1 s). Five pseudoconditioned mice in parallel received explicitly unpaired presentation of these stimuli, and five controls each received three conditional stimuli, but no unconditional stimulus during training. Animals were returned to their home cages, and sacrificed 6 h later. Tissue samples from the basolateral complex of the amygdala, hippocampus, pre-and infralimbic ("prefrontal") cortex, and the cerebellar cortex were punched from 100-m-thick coronal sections of freshly frozen brains. Total RNA was isolated, and first strand synthesis was done with Moloney murine leukemia virus reverse transcriptase in the presence of random decamer oligonucleotides (Ambion, Austin, TX). Samples were analyzed with TaqMan real-time PCR in an AbiPrism 7000. Ndr2 assays designed to analyze the exon borders at mRNA position 1219 and 1328 were used in triplicate experiments and controlled with assays for phosphoglycerate kinase and 18 S rRNA (assay-on-demand, Applied Biosystems).
In Situ Hybridization-Coronal and sagittal sections of 14-m thickness were cut in a freezing microtome and thaw-mounted onto silanecoated slide glasses. Digoxigenin-labeled sense and antisense cRNA were generated from a clone containing the entire open reading frame of Ndr2 (Fig. 1A) . In situ hybridization was performed with these probes as described previously (10) . Briefly, after fixation in 4% para-formaldehyde in phosphate-buffered saline (PBS), sections were acetylated, dehydrated, and pre-hybridized for 2 h at room temperature. After hybridization over night and washing at 55°C with 0.2ϫ standard sodium citrate buffer containing 50% formamide, labeled cells were detected with alkaline phosphatase-coupled anti-digoxigenin antibody and subsequently stained using 4-nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as substrate (all reagents from Roche Applied Science).
Purification of Ndr2 Protein-Fusion proteins of Ndr2 and the maltose binding protein (MBP::Ndr2) were generated using the pMAL vector system (New England Biolabs, Beverly, MA) according to the manufacturer's instructions. The coding region of Ndr2 was amplified using primers 5Ј-ATGGCAATGACGGCAGGG-3Ј and 5Ј-AGCACCCACTTC-CTGTATTTC-3Ј and cloned into vector pMAL-c2x. MBP::Ndr2 fusion proteins were expressed in Escherichia coli strain ER2508, sonified in 20 mM Tris, pH 7.4, containing 0.2 M NaCl, 1 mM EDTA, 0.02% NaN 3 , and 0.5 mM phenylmethylsulfonyl fluoride, and pre-purified through chromatography on amylose columns (New England Biolabs). Ndr2 protein was then purified with affinity immuno-chromatography on Sepharose-coupled Ab 420 -430 (see below). Samples were loaded in sodium phosphate buffer, pH 7.4, and eluted in 0.2 M glycine buffer, pH 2.8. The eluate was finally dialyzed against 20 mM sodium phosphate buffer, pH 7.4. For isolation of native Ndr2, brain samples were homogenized on ice with a 10-fold excess of 50 mM sodium phosphate buffer, pH 7.4, containing 0.15 M NaCl, 0.02% Triton X-100, 2 mM EDTA, and 0.02% NaN 3 . After centrifugation at 300 ϫ g to remove cell debris, the homogenate was applied to affinity chromatography with Sepharosecoupled Ab 420 -430 , eluted, and dialyzed as describe above. Immunoblot Analysis-Polyclonal antibody Ab 420 -430 was generated against peptide LQPVPNTTEPD coupled to keyhole limpet hemocyanin (Pineda Antibody Service, Berlin, Germany). Serum from an animal that detected both bacterially expressed and brain Ndr2 was selected and affinity-purified using the immunization peptide. Purified Ab 420 -430 was used at a dilution of 1:500 -1:1000 in immunoblot analysis. Antibodies to ␤-actin, ␤-tubulin, ␣-actinin (Sigma), synapsin I (Molecular Probes, Eugene, OR), phospho-serine (Qiagen), and neurofilament proteins (Biotrend Chemikalien, Köln, Germany) were used according to the manufacturer's recommendations. For immunoblot analysis, brain samples and cultured cells were homogenized in 1% SDS, 10 mM Tris-hydrochloride, pH 7.5, separated with electrophoresis on 8 -10% polyacrylamide gels containing SDS, and transferred to nitrocellulose filters. After blocking of unspecific binding, blots were incubated with primary and horseradish peroxidase-coupled secondary antibodies (DAKO, Copenhagen Denmark) before visualization with "ECL-plus" substrate (Amersham Biosciences). Ab 420 -430 detected native Ndr2 protein from the brain and MBP::Ndr2 fusion protein from bacteria at the predicted molecular masses of 54 and 96 kDa, respectively (Fig. 4A) . The specificity of signals for Ndr2 and phospho-serine was confirmed through preincubation of primary antibodies with excess peptide LQPVPNTTEPD or MBP::Ndr2 fusion protein, or with o-phospho-L-serine, respectively.
Co-precipitation and Pull-down Assays-Protein samples for precipitation experiments were obtained from total brains, homogenized in 10-fold excess of 20 mM phosphate buffer, pH 7.4, containing 137 mM NaCl, 2.8 mM KCl, 0.5% Triton X-100, 0.02% NaN 3 , 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, and 1ϫ Proteinase inhibitor mixture (Roche Molecular Biochemicals), or PC12 cells, homogenized in radioimmune precipitation assay buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, and Protease inhibitor mixture. For MBP::Ndr2 pull-down assays, 100 g of the soluble protein fraction after centrifugation at 15,000 ϫ g and clearing with amylose resin (New England Biolabs) were incubated with 2 g of MBP::Ndr2 or 2 g of MBP2 (New England Biolabs) for 1 h at 4°C. After incubation for 90 min with amylose resin, MBP-amylose complexes were precipitated by centrifugation at 10,000 ϫ g. For co-precipitation, protein samples were cleared with Sepharose-protein A/G (Amersham Pharmacia Biotech), and incubated with 5 g of antibodies against actin or Ndr2 for 1 h at 4°C. Complexes were precipitated with Sepharose-protein A/G at 4°C for 1 h, centrifuged at 12,000 ϫ g, then finally washed with radioimmune precipitation assay buffer and subsequently with 50 mM Tris-HCl, pH 8.0. Proteins precipitated in these ways were examined with SDS-PAGE and immunoblot analysis.
Immunohistochemistry-For immunohistochemical detection of Ndr2, freshly frozen coronal and sagittal sections of 14-m thickness were used. Sections were fixed in 4% para-formaldehyde in PBS and washed in PBS, before unspecific binding was blocked with 3% bovine serum albumin, 10% rabbit normal serum, and 0.3% Triton X-100 in PBS for 2 h. Ndr2 was detected with affinity-purified Ab 420 -430 at a dilution of 1:300 to 1:500 in 3% bovine serum albumin, 2% rabbit normal serum, and PBS overnight at 4°C. After washing with PBS, labeling was visualized with fluorescence-labeled secondary antibodies (DAKO).
PC12 cells and primary neurons were fixed in increasing concentrations (0.4 -4%) of para-formaldehyde, washed in PBS, and mounted in Crystal/mount (Biomeda, Foster City, CA). In some experiments, EGFP signals were enhanced with Ab6556 (Abcam, Cambridge, UK), which was applied at a dilution of 1:500 -1:1000 in 2% bovine serum albumin, 2% goat normal serum in PBS. Signal specificity was fully confirmed using Ab 420 -430 . Counter staining was routinely done with 0.05% rhodamine phalloidin (Molecular Probes) or with antibodies to ␣-actinin or synapsin I at a dilution of 1:500. Cells were examined on an epifluorescence microscope with digital image capturing (AxioVision 4, Zeiss).
Expression Systems and Site-directed Mutagenesis-Fusion proteins of Ndr2 and the enhanced green fluorescent protein (EGFP) were generated using vector pEGFP-c1 (BD Biosciences) and the amplified Ndr2 coding region (see MBP::Ndr2 fusion). Ser 282 -Ala/Thr 442 -Ala double mutants of EGFP::Ndr2 were generated using a site-directed mutagenesis system (QuikChange, Stratagene), according to the manufacturer's instructions. Primers 5Ј-GGAGACAGCTGGCTTAC (T 3 G) CCACAG TTGGAACACCAGAC-3Ј (for Ser 282 ) and 5Ј-GACTGGGTTTTTCTCAA-TTAC (A 3 G) CCTACAAAAGGTTTGAAGGG-3Ј (for Thr   442 ) and the corresponding reverse primers were used to introduce the indicated point mutations, which were subsequently combined using an inbetween AccI restriction site.
Cell Culture PC12-Rat pheochromocytoma (PC12) cells were cultured in 85% RPMI 1640 with 2 mM L-glutamine, 10% horse serum, and 5% fetal bovine serum (all reagents from Invitrogen, Eggenstein, Germany). Transfections with plasmids expressing native EGFP::Ndr2, mutant EGFP::Ndr2, or EGFP were performed using the GeneJammer reagent (Stratagene). Stable transfected cells were selected with 500 g/ml G418 (Invitrogen) and maintained under 200 -400 g/ml of G418 during neurite outgrowth experiments. For assessment of neurite outgrowth and intracellular localization of Ndr2, acute and stable cells were allowed to adhere to poly-D-lysine-coated coverslips and cultured in 97% RPMI 1640 with 2 mM L-glutamine, 2% horse serum, and 1% fetal bovine serum. A putative association of EGFP::Ndr2 with the actin cytoskeleton or microtubules was addressed through treatment of stably transfected cells for 3 h with 10 M latrunculin B (Molecular Probes) or 100 M colchicine (Sigma), respectively. PC12 neurite outgrowth was determined with and without supplementation of nerve growth factor (NGF, 50 ng/ml, New England Biolabs) for up to 5 days. The proportion of transfected cells producing neurites of Ͼ10 m was determined at different time points after seeding. For a detailed analysis of neurite extension and branching, 5% of transfected cells with the largest neurites in each sample were reconstructed (Neurolucida, Microbrightfield, Magdeburg, Germany) and compared between groups. In addition, phospho-serine immunoblot analyses were performed in early outgrowing cultures. Each 2 ϫ 10 5 cells per line were collected during the first day of neurite outgrowth culture and treated with a boiling buffer containing 125 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 10% ␤-mercaptoethanol for 5 min. Proteins were separated on 8% SDS-PAGE and analyzed in immunoblots with antibodies directed against phosphoserine and ␤-actin. Statistical comparisons were done with Student's unpaired t test and the Mann-Whitney U test.
Cell Culture of Primary Neurons-Primary cortical neurons were obtained from day 19 embryonic Long Evans rats (modified from Ref. 15) . In brief, after treatment with 0.5% trypsin in Hanks' buffered salt solution (Invitrogen) and 0.01% of DNase I, cells were dissociated mechanically using a Nylon mesh (aperture, 125 m) and suspended in Dulbecco's modified Eagle's medium (Invitrogen). 40,000 cells each were plated on poly-D-lysine-coated coverslips and grown for 14 days before transfection with 2 g of plasmid DNA in 72.5 l of a buffer containing 42 mM Hepes, 74 mM NaCl, 10 mM KCl, 1.4 mM Na 2 HPO 4 , 15 mM glucose, and 125 mM CaCl 2 together with 10 l of Neurobasal medium (Invitrogen) and 2.5 l of NeuroPORTER (Gene Therapy Systems, Inc., San Diego, CA) at pH 7.05. Cultures were examined with an epifluorescence microscope 48 h after transfection.
RESULTS

Isolation and Differential Expression of Ndr2-
The 200-bp clone #VIIE6 (Fig. 1A) was selected from a group of 21 gene products that were differentially expressed in the amygdala during consolidation of fear memory (2) . As the first step in our analysis, the induction of Ndr2 expression was confirmed with PCR-based Northern analysis on amygdala samples pooled from each group of four animals (2) (Fig. 1B) . A double band at 3.0/2.8 kb could be detected with probe #VIIE6 and later with probes generated from the 5Ј-RACE product. Overexposure of blots revealed an additional hybridization signal at ϳ4.5 kb (data not shown), which corresponds to the length of the sequenced Ndr2 (Stk38l) mRNA and the size of Ndr2 detected on standard Northern blots (Fig. 1C) . Quantitative analysis of Ndr2 transcript levels at the major double band revealed an increase in fear-conditioned animals 6 h after training (181.4 Ϯ 24.2% of control levels, p Ͻ 0.05, Student's t test, n ϭ 4 independent behavioral experiments). A similar increase was also observed for the 4.5-kb signal, although reliable quantification was not possible in the overexposed blots. The pseudo-conditioned group showed a partial increase of expression (139.9 Ϯ 10.9% of control levels, p Ͻ 0.05). At a later time point, 24 h after training, no difference of Ndr2 expression could be observed in either experimental group compared with the unconditioned control animals (fear-conditioned: 106 Ϯ 27.8%, pseudo-conditioned: 108 Ϯ 20.9% of control levels; n ϭ 3).
Differential expression of Ndr2 after fear conditioning was confirmed on individual animals in an independent behavioral experiment (Fig. 1D ). The analysis with real-time PCR of Ndr2 expression levels in four different brain areas showed specific increases in the basolateral complex of the amygdala for both fear-conditioned (245.4 Ϯ 125.6% of control levels, p Ͻ 0.05, n ϭ 5) and pseudo-conditioned mice (710.0 Ϯ 307.1% of control levels, p Ͻ 0.01, n ϭ 5). Moderate increases were also observed in frontal cortical samples (fear-conditioned mice: 209.9 Ϯ 114.3% of control levels) and in the hippocampus of pseudoconditioned animals (194.4 Ϯ 93.4% of control levels). These, however, failed to reach significance level. No difference was observed between groups in the cerebellar cortex (fear-conditioned, 116.4 Ϯ 43.2%; pseudo-conditioned, 91.4 Ϯ 27.1%).
Sequence of Ndr2-With 3Ј-RACE and 5Ј-RACE we isolated 4557 bp of Ndr2 (Stk38l) mRNA that cover the entire coding sequence and 3Ј-untranslated region (sequence information was deposited with GenBank TM accession number AY223819). Clone #VIIE6 of the subtracted library located to bp 3742-3941 of this sequence (Fig. 1A) . A Kozak consensus sequence and translation start was found in the 5Ј-RACE product, followed by an open reading frame of 1368 bp. The coding region and following 900-bp are identical to the recently identified mNdr2 clone (AY292400 (12)). However, 5Ј-and 3Ј-untranslated regions of these sequences differ in that we isolated a 40-bp 5Ј region that was not found in the clone described by Stegert and co-workers, and an additional 2.3-kb 3Ј-untranslated region following the first putative polyadenylation signal. Northern analysis and a vast majority of expressed sequence tag hits in GenBank TM indicate that our clone resembles the predominantly expressed Ndr2 transcript.
Gene Location and Gene Structure-Radiation hybrid mapping and GenBank TM analysis located the Ndr2 gene to mouse chromosome 6, 9.65 centi Ray from D6Mit294 (logarithm of odds score Ͼ 3.0). This could be confirmed by an NCBI GenBank TM search that further suggested that human NDR2 locates to chromosome 12 p11. The mouse gene comprises 14 exons, which span a total of 54 kb, with a first intron of 33 kb in length. In the putative promoter region, two SP1 elements could be identified at positions Ϫ155 and Ϫ10, a serum-responsive element at position Ϫ30, and a cyclic AMP-responsive element (CRE) consensus site at position Ϫ89 toward a twin GC box. Various potential polyadenylation sites were identified between positions 2256 and 4517, but Northern blot analysis illustrated the preferential expression of an Ndr2 mRNA species with a length of 4.5 kb in various tissues (see Fig. 1C ). The smaller size of fragments in PCR-blot analysis thus is likely a result of premature incorporation of the 5Ј-oligonucleotide and preferential amplification of small PCR products.
Ndr2 Expression in the Brain-In situ hybridization revealed a widespread expression of Ndr2 at moderate levels throughout the brain (Fig. 2) . The highest staining intensity was observed in the neocortex, basal forebrain, hippocampus (particularly area CA3), the amygdala, cerebellum, and several brainstem nuclei. The results were corroborated by immunohistochemical staining using Ab 420 -430 , which was abolished after preincubation of antibodies with immunization peptide or bacterially expressed Ndr2 protein (data not shown). In the hippocampus putative interneurons of stratum oriens and stratum radiatum, as well as the hilus were strongly labeled. Within the amygdala, a large number of pyramidal-shaped class I neurons was stained. No changes in the labeling intensity or distribution of Ndr2-expressing cells could be observed after fear conditioning by either in situ hybridization or immunohistochemistry.
At higher magnification, the immunohistochemical staining suggested a punctuate distribution of Ndr2 immunoreactivity within the labeled cells (Fig. 2, K and L) . Some actions of Ndr family kinases appear to involve regulation of transcriptional processes, and a conserved atypical nuclear location sequence can indeed be found in Ndr2. However, we did not find evidence for a nuclear localization of Ndr2 in the amygdala of fear-conditioned or control animals. Instead, staining was observed in the cytosol near the cell surface and in the surrounding neuropil.
Intracellular Localization of Ndr2-We therefore further investigated the intracellular distribution of EGFP::Ndr2 fusion protein in stable (Fig. 3, A-H) or acutely transfected PC12 cells (Fig. 3I ) and in acutely isolated cortical neurons (Fig. 3, J-L) . In all experiments, EGFP::Ndr2 located to somata and neurites, but no or only weak labeling was observed in the nucleus. This is in contrast to control cells, which showed a predominant nuclear localization of EGFP (Fig. 3F ). Cytoplasmic EGFP::Ndr2 often had a filamentous appearance with a high density in the perinuclear cytoplasm, closely resembling the pattern of stress fibers (Fig. 3A , but see also the granular staining in Fig. 3I ). Double labeling with phalloidin-rhodamine indeed suggested a co-localization of Ndr2 with actin filaments in the cytoplasm of PC12 cells and cortical neurons. Intensive double labeling was also frequently observed at sites of cell-cell contact (Fig. 3B) , but ␣-actinin-positive focal adhesions were devoid of EGFP::Ndr2 (Fig. 3C) . Ndr2 was further observed in growth cones and pre-synaptic sites (Fig. 3, D and E) . High resolution images showed EGFP::Ndr2 localization in filopodia extending from the soma or the growth cone, often beyond the extension of the phalloidin staining (Fig. 3D) . In acutely transfected cells with a high expression of EGFP::Ndr2 and to lesser extend in some stably transfected cells, a granular staining pattern could be observed in addition to the filamentous labeling in F-actin-rich FIG. 1. Ndr2 mRNA, schematic drawing, and expression. A, starting from clone #VIIE6, Ndr2 full-length mRNA was obtained with 3Ј-RACE and nested 5Ј-RACE using primers at the location indicated (arrows). The indicated cRNA probe was used for both Northern analysis and in situ hybridization. cds, coding sequence. B, increased expression of Ndr2 mRNA in the basolateral complex of the amygdala after fear conditioning training, illustrated by blot analysis of amygdala RT-PCR products. Ndr2-labeled double bands with a size of ϳ3.0 kb and 2.8 kb; such double banding and size shift are frequently observed and likely due to premature incorporation of the 5Ј extension oligonucleotide. A similar change is evident for a 4.5-kb signal after overexposure (not shown), but no difference can be observed at a later time point, 24 h after training. C, Northern analysis revealed widespread expression of Ndr2 mRNA in all tissues analyzed. A 4.5-kb transcript was detected that corresponds to the predicted size of the full-length Ndr2. D, relative Ndr2 expression in different brain areas after fear conditioning, determined by real-time PCR (mean Ϯ S.D., n ϭ 5). Significant increases were observed in the amygdala of both fearconditioned and pseudo-conditioned animals, compared with unconditioned controls. Moderate increases in the frontal cortex and in the hippocampus of pseudoconditioned mice were also observed. The cerebellar cortex, which is not critically involved in Pavlovian fear conditioning, showed no change of Ndr2 expression. regions (Fig. 3, E and I) . Cortical neurons showed pronounced labeling of somata and dendrites, as well as dendritic spines (Fig. 3, J and K) ; labeling of outgrowing axons was also observed (Fig. 3L ). Mutant EGFP::Ndr2 showed an identical intracellular distribution (data not shown). To confirm the putative association of EGFP::Ndr2 with the actin cytoskeleton, we disrupted actin filaments in PC12 cells with a moderate latrunculin B treatment, which left neurites and cell structure largely intact. This treatment led to a striking re-distribution of EGFP::Ndr2 and its accumulation in the nucleus, thus closely resembling the staining pattern of EGFP itself (Fig. 3G) . Remainders of the somatic actin cytoskeleton were only faintly labeled. Treatment with colchicine, which led to an entire disintegration of neurites, did not affect the localization of Ndr2 fusion protein in the soma nor in filopodia of somatic origin (Fig. 3H) .
Interaction with Actin-Purified MBP::Ndr2 and Ab 420 -430 were used for the analysis of a putative interaction with actin or actin filaments in pull-down and co-precipitation assays. In fact, it was possible to precipitate ␤-actin from crude brain protein extracts with bacterially expressed MBP::Ndr2 fusion protein, but not with MBP itself (Fig. 4B) . A cleavage of MBP::Ndr2 with factor X before incubation prevented this precipitation of ␤-actin (not shown). Other cytoskeletal and cytoskeleton-associated proteins such as ␤-tubulin and neurofilament proteins (Fig. 4B) , ␣-actinin, synapsin I, kinesin light and heavy chains, ␤/␦-catenin, and ␤-spectrin, could not be detected after precipitation. Experiments with Ab 420 -430 supported these findings in that ␤-actin was co-precipitated with Ndr2 from crude PC12 cell protein extracts (Fig. 4C) . Interestingly, the ␤-actin precipitate was highly immunoreactive for phospho-serine. Cellular Functions of Ndr2-Next, we addressed possible cellular functions of Ndr2 in PC12 cells as a model system for cellular differentiation and neurite outgrowth. Overexpression of EGFP::Ndr2 resulted in an increased growth of neurites in the absence of NGF and a reduced spreading of cells on the substrate (Fig. 5) .
Proliferation-During preparation of the experiments with stably transfected cells we observed that both lines of EGFP::Ndr2-transfected cells (average duplication times of 34.9 and 32.7 h), but not EGFP-transfected cells (44.9 h) or mutant controls (47.7 h) showed a higher proliferation rate than non-transfected PC12 cells (46.2 h) when grown in suspension. As a general rule, EGFP::Ndr2-expressing cells grew in large, floating clusters of cells and failed to form stable monolayers on the plastic surface as seen in control groups.
Cell Spreading-In adherent cultures, we observed striking differences in cellular morphology between cell lines (Fig. 5, A  and C Neurite Outgrowth-In the absence of NGF, cells of all lines developed short and simple, but clearly discernable neuritic processes. However, the percentage of cells that produced such short neurites in EGFP::Ndr2-transfected cells (74.6 Ϯ 8.3%) were significantly higher than in EGFP-transfected controls (56.8 Ϯ 6.5%; p Ͻ 0.01). The difference was particularly evident when only cells with neurites Ͼ10 M were considered (36.3 Ϯ 10.9% versus 6.6 Ϯ 1.5%; p Ͻ 0.01) (Fig. 5, A and B) . Increased neurite outgrowth was also observed in a second line of EGFP::Ndr2-transfected cells (68.1 Ϯ 3.7% total and 10.6 Ϯ 2.8% Ͼ10 M; p Ͻ 0.05), but was abolished after double mutation of the activation sites Ser 282 and Thr 442 (54.9 Ϯ 6.3% total and 7.6 Ϯ 2.6% Ͼ10 M). On the contrary, following NGF treatment a slight non-significant reduction in the number of cells that developed discernable neurites was apparent in To address putative mechanisms of Ndr2 function, we determined protein serine phosphorylation in PC12 cells on the first day of neurite outgrowth, i.e. before their development of significant differences in neurite length. In our immunoblot analyses we could distinguish at least eight major phospho-serine protein bands, two of which with molecular weights of 36 and 42 kDa showed a higher degree of serine phosphorylation in Ndr2-expressing cultures than in EGFP and mutant Ndr2 controls (Fig. 5D) Acute Transfection-Acute EGFP::Ndr2-transfected cells also showed a greatly reduced adhesion and spreading on the substrate (4.8 Ϯ 3.0% with NGF, 3.3 Ϯ 3.3% without NGF), compared with cells transfected with EGFP (35.5 Ϯ 8.3% with NGF, 16.7 Ϯ 8.6% without NGF, p Ͻ 0.01 for both). In fact, cells with the highest expression of EGFP::Ndr2 did not even attach to the dish in these experiments. Mutated EGFP::Ndr2 had no such effect (27.2 Ϯ 6.0% with NGF, 15.5 Ϯ 5.0% without NGF). At the same time we observed a reduction of neurite outgrowth (p Ͻ 0.01) in acutely EGFP::Ndr2-transfected cells (7.1 Ϯ 7.0% with NGF, 3.3 Ϯ 3.3% without NGF) compared with EGFP (55.4 Ϯ 7.0% with NGF, 23.8 Ϯ 9.9% without NGF, p Ͻ 0.01 for both), contrasting the enhancement of neurite outgrowth in stably transfected cell lines. Mutated EGFP::Ndr2 showed intermediate effects depending on the stimulation with NGF (35.1 Ϯ 9.0% with NGF, p Ͻ 0.01; 6.7 Ϯ 5.1% without NGF, not significant).
DISCUSSION
To address the cellular and molecular processes that underlie memory consolidation and neural plasticity, we study gene products that are expressed in the mouse amygdala after classic fear conditioning (2). Here we describe the cloning and functional characterization of a novel serine/threonine kinase expressed in the brain, Ndr2 (Stk38l), the expression of which is transiently increased in the amygdala during the consolidation of Pavlovian fear memory. Our experiments provide evidence for an interaction of Ndr2 with the actin cytoskeleton and its putative involvement in control of cell morphology and differentiation in neuronal and neuronal-like cells.
A fragment of the Ndr2 3Ј-untranslated region was obtained through subtractive hybridization cloning from the amygdala of fear-conditioned mice (2) . PCR-based gene expression analysis confirmed that Ndr2 transcript levels were transiently elevated in the amygdala of fear-conditioned and pseudo-conditioned animals 6 h after training and returned to baseline within 24 h. Thus, during consolidation of fear memory, Ndr2 mRNA levels are regulated in the basolateral complex of the amygdala in a learning-and stress-dependent manner, similar to several other signal transduction and structural re-organization factors (2) . GenBank TM analysis suggests that transcription of the Ndr2 gene may be driven through cyclic AMP response elements (CRE) or serum-responsive elements. These are potential targets for the CRE-binding protein CREB and the mitogen-activated protein kinase pathway in amygdala neurons, respectively, which may explain the observed induction of gene expression after fear conditioning training.
Moderate induction of Ndr2 in two other areas concerned with fear memory, the frontal cortex, and the hippocampus (after pseudo-conditioning), indicates a more general role in information storage in the fear-conditioning circuits and should prompt further investigation. For example, a tendency for increased Ndr2 expression in the hippocampus of pseudo-conditioned animals may relate to a preferential storage of contextual information in this training group. Due to a considerable baseline expression and apparently distributed induction after fear conditioning, changes in the expression of Ndr2 could not , whereas only background actin labeling was observed when the primary antibody was omitted. Analysis of precipitates with phospho-serine antibodies further suggests that a considerable proportion of the precipitated ␤-actin was phosphorylated.
be visualized by in situ hybridization or immunohistochemistry. In fact, expression of Ndr2 was also observed in various cortical and subcortical brain areas that do not relate to the fear conditioning circuitry (Fig. 2) .
Ndr1 and Ndr2 belong to a family of growth-related protein kinases, which are involved in proliferation and cellular differentiation in yeast, Caenorhabditis elegans, Drosophila melanogaster, and mammals (11) . Several lines of evidence indicate that molecular processes of growth and structural re-organization indeed occur in the mammalian amygdala during consolidation of fear memory (16) . In particular, these may involve modifications at the actin cytoskeleton, which are critical for neural plasticity and memory formation (9) . Previous observations of a differential expression of actin isoforms (2) and the activation of p160 ROCK (8) in the amygdala during or following fear conditioning support this view. Findings in other organisms indicate that Ndr kinases may be involved in pathways that control such actin filament dynamics: the Ndr kinase orthologue in D. melanogaster, Triconcerned, interacts with the actin cytoskeleton and co-ordinates growth of actin filaments (17) , and the Ndr kinase orthologue in C. elegans, SAX-1, shares function with the RhoA-GTPase signaling pathway during neurite formation (18) . We, therefore, focused our analysis of Ndr2 function on a potential association with the actin cytoskeleton and on actin-mediated functions in a cellular model of neuronal differentiation.
As a first step, we determined the intracellular localization of EGFP::Ndr2 fusion proteins in differentiated PC12 cells and acutely isolated cortical neurons. We could show that EGFP::Ndr2 co-localizes with actin filaments at the somata, at some sites of cell contact including synapses, at the growth cones and filopodia of PC12 cells, as well as in dendrites, spines, and outgrowing axons of cortical neurons. This labeling pattern matches the distribution of Ndr2 immunohistochemical preparations from the brain and was sensitive to disruption of actin filaments with latrunculin B. Data from our immunoprecipitation and pull-down experiments indicate that Ndr2 is indeed able to bind (phospho-) actin. Interestingly, highly overexpressing cells showed an accumulation of EGFP::Ndr2 in granule-like structures similar to those reported recently by Devroe and co-workers (13) , in addition to actin filaments. The composition of these granular structures and the mechanisms of Ndr2 association with different intracellular compartments remain to be investigated.
In the course of our localization experiments we also obtained evidence for an involvement of Ndr2 in actin-mediated cellular functions, in that cells expressing EGFP::Ndr2 displayed consistently reduced spreading on the substrate. Spreading of PC12 cells, e.g. after RhoA activation, is typically accompanied by the formation of focal adhesions and stress fibers (19) . However, focal adhesions generally were devoid of EGFP::Ndr2 in our experiments. This exclusion from stabilized contact sites and the reduced spreading suggest that Ndr2 may negatively regulate substrate adhesion in differentiated PC12 cells, possibly by reducing the stability of actin-dependent contact sites. Reduced PC12 cell adhesion, by virtue of a reduced contact inhibition, may also explain the increased proliferation of these cells (20) in line with the observation that inhibition of the potential Ndr-kinase activator S100B (21) both induces flattening of glia cells and reduces their proliferation (22) . Some S100 proteins are also potent inducers of neurite outgrowth (23) . In fact, we found that EGFP::Ndr2 in stably transfected cell lines facilitated the formation of short neuritic processes in the absence of NGF, although it did not enhance NGF-induced outgrowth nor affect the length or complexity of neuritic trees in NGF-treated cells. Acutely transfected cells on the contrary showed reduced neurite outgrowth both in the presence and absence of NGF.
We believe that facilitation of neurite outgrowth through Ndr2 is limited by the simultaneous reduction of matrix adhesion, and that high expression levels after acute transfection precluded neurite outgrowth in our experiments. This can be explained with an enhancement of actin dynamics through Ndr2 resulting in competing cellular effects. The kinase appears to be well suited to translate Ca 2ϩ signals, which are critical for both NGF-dependent and NGF-independent neurite The graphs summarize the difference between experimental groups in neurite outgrowth (B) and cell spreading (C; n ϭ 6). Increased neurite growth was particularly evident on day 3 without NGF treatment. On the other hand, a reduction of cell spreading was seen both in the presence and absence of NGF. Both effects were abolished in cells expressing mutated Ndr2. D, increased protein serine phosphorylation was evident during neurite outgrowth in cells transfected with EGFP::Ndr2. Arrows indicate two proteins with molecular masses of ϳ36 and 42 kDa that showed consistently increased phosphorylation and a double band at ϳ100 kDa with reduced phosphorylation compared with controls. The graph presents the increase of ␤-actin phosphorylation in different lines, compared with baseline levels (mean Ϯ S.E., n ϭ 3). outgrowth, to the actin cytoskeleton (12) . In fact, several conserved regulatory amino acid motifs indicate that the Ndr2 protein is a site of convergence for Ca 2ϩ /S100, protein kinase A, and mitogen-activated protein kinase signaling pathways, all of which are involved in neurite outgrowth in PC12 cells (22) (23) (24) (25) , as well as amygdalar processes during fear memory consolidation (reviewed in Ref. 4) .
In support of this view we finally found that the facilitatory effect of Ndr2 on NGF-independent neurite outgrowth was preceded by increases of phosphorylation in at least two proteins, one of which co-migrated with ␤-actin. We are currently identifying hyperphosphorylated proteins in Ndr2-expressing cells and investigating their role in Ndr2-induced neurite outgrowth. So far we could show that Ndr2-mediated cellular effects are dependent on its kinase activity: double mutation of the activity-controlling phosphorylation sites at Ser 282 and at Thr 442 (12) counteracted the Ndr2-induced reduction of cell spreading and changes in neurite outgrowth, as well as associated changes in protein phosphorylation. Protein kinases and phosphatases play key roles in cytoskeleton re-arrangement during cellular growth and differentiation. For example, phosphorylation through protein kinase A has been shown to stabilize actin monomers and to prevent filament formation, whereas protein kinase C increases the incorporation of actin into filaments (26, 27) . Our data indicate that Ndr2 by controlling actin phosphorylation and actin filament dynamics may play an important role in cell adhesion and neurite outgrowth.
Several molecular and cellular processes have been identified that are involved in increased activity and synchronization of projection neurons in the lateral amygdala after fear conditioning (4). Other molecular changes provide evidence for learning-related structural plasticity in the amygdala (16) . However, memory-related synaptogenesis or changes in spine density like in the hippocampus (28, 29) have not yet been demonstrated in the amygdala. Its widespread expression in the brain, the learning-coordinated induction in the amygdala, and its molecular characteristics make Ndr2 a highly interesting molecular target for the analysis of actin-mediated cellular processes related to morphological re-organization and fear memory consolidation.
